We have identified a spontaneous mutation in mice, which we term HD for ''helper T cell deficient. ' . This is the first genetic defect of its kind to be described in the mouse and may prove highly informative in understanding the molecular pathways underlying lineage commitment.
Developing ␣␤ T cells mature through three major stages characterized by differential expression of the coreceptor molecules CD4 and CD8. Initially, thymocytes express neither coreceptor (CD4 Ϫ CD8 Ϫ : double negative or DN), then upregulate both molecules (CD4 . The vast majority of thymocytes belong to the DP stage. It is at this stage that complete ␣␤ T cell antigen receptor (TCR) is first expressed at the cell surface and thymocytes undergo selection on the basis of their antigen receptor specificity. Thymocytes are selected to undergo alternate developmental fates depending largely on the relative affinities of their clonotypic TCRs for thymic-selecting ligands. Thymocytes interacting too strongly with thymic ligands undergo negative selection, i.e., suicide by apoptosis, whereas those interacting with intermediate affinity undergo positive selection, i.e., maturation to the SP stage.
Thymocytes that undergo positive selection mature into either of two cell types, SP CD4 ϩ helper T cells or SP CD8 ϩ cytotoxic T cells. The decision to enter one or the other developmental pathway is referred to as lineage commitment. Mature cells of the CD4 and CD8 lineages express TCRs restricted to major histocompatibility complex (MHC) class II or class I ligands, respectively. Several alternative models have been proposed to explain how this correlation is achieved: In the instructive model, TCR specificity directs coreceptor down-modulation, i.e., when a TCR recognizes a class I ligand, a specific signal is sent to turn off CD4 expression and vice versa (1) . The stochastic model, on the other hand, postulates that positive selection leads to random coreceptor downmodulation; thymocytes that down-modulate the wrong coreceptor are unable to respond to subsequent TCR-mediated stimuli and die (2, 3) . In the asymmetric model, only differentiation to the CD8 lineage requires an instructive signal, whereas development to the CD4 lineage occurs by default (4) . The signal strength model, finally, proposes that lineage commitment is determined by the overall intensity of signaling through the TCR complex and appropriate coreceptor, such that stronger and weaker signals promote development to the CD4 and CD8 lineages, respectively (5) .
Recent studies have shown that progression from the DP to the SP stage is marked by passage through a series of transitional stages characterized by intermediate levels of CD4 and CD8 expression (4, (6) (7) (8) (4, 8) . There is compelling evidence that the DP to SP transition is a multistep process requiring repeated or continual stimuli (11, 12) . In particular, it has been proposed that CD4 ϩ 8 low cells must receive a distinct secondary selective signal to undergo final maturation to the SP stage (2).
The differences in signaling processes that mediate alternate maturation to either CD4 or CD8 lineages have yet to be clarified. Although there is abundant evidence that CD4 and CD8 molecules are intimately involved in signal transduction and influence lineage commitment (13) (14) (15) (16) (17) (18) (19) (20) , they are not essential for this process (21, 22) . There is some evidence that additional receptors, specifically homologues of the Drosophila cell fate regulator Notch, can influence lineage choice of developing thymocytes (23) . The functionally important outcome of the lineage commitment process is the initiation of distinct patterns of gene expression consistent with the thymocyte's specificity toward class I or II MHC. The silencing of one or the other coreceptor molecule represents the most obvious example of this divergence in gene expression. In the case of the CD4 gene, a cis-acting negative regulatory element has been defined that is required for silencing of CD4 in cells committed to the CD8 lineage (24) . In the case of the CD8␣ and ␤ genes, an enhancer has recently been defined that directs expression of CD8 only in mature SP CD8 ϩ not DP cells (25, 26) . The transcription factors that bind to these regulatory elements remain unknown.
The mutant helper T cell-deficient (HD) mouse that we describe here is characterized by a striking deficiency in the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. (10, 27, 28) . We provide evidence that the HD phenotype is not caused by mutations of the CD4 or class II loci. Instead, we speculate that HD mice may bear a defect in a critical signaling pathway initiated either by the TCR/coreceptor complex or some other receptor expressed on thymocytes, e.g., a Notch family member or a cytokine receptor. The eventual identification of the specific gene defect in HD mice should provide significant insights into the mechanisms underlying lineage commitment.
MATERIALS AND METHODS
Animals. The HD mouse arose as a spontaneous mutant in our animal colony at the Fox Chase Cancer Center. HD mice are derived from an intercross between CD3␦-deficient and human CD3␦ transgenic mice which have been described previously (29) . RAG2-deficient mice were provided by F. Alt 
RESULTS

HD Mice Lack Peripheral SP CD4
؉ T Cells. We have identified a cohort of mice in our colony that essentially lack peripheral CD4 ϩ T cells and instead possess elevated numbers of CD8 ϩ ␣␤TCR ϩ T cells (Fig. 1 ). These mice are provisionally designated as HD mice. Although SP CD4 ϩ T cells are lacking in HD mice, the total number of peripheral ␣␤TCR ϩ cells is roughly the same as for wild-type (wt) littermates [i.e., in peripheral blood 24.5 Ϯ 5.4% (n ϭ 6) for HD and 26.7 Ϯ 7.9% (n ϭ 9) for wt littermates]. The HD phenotype is highly consistent (no animals display intermediate reductions of CD4 T cells) and does not undergo significant variation with age up to 8 mo (the oldest animals examined). HD mice are healthy under specific pathogen-free conditions.
The HD Defect Is Due to an Autosomal Recessive Mutation. To determine whether the HD phenotype has a genetic basis and, if so, whether it is due to a single dominant or recessive mutation, we have backcrossed HD mice either to other HD mice or to wt C57BL/6, animals. All (HD ϫ HD) progeny bear the HD phenotype, consistent with a heritable defect, whereas all (HD ϫ wt) progeny are normal in phenotype, i.e., possess normal numbers of peripheral CD4 ϩ T cells, indicating that the mutation is not dominant. Finally, among F 2 s, i.e., progeny of an (HD ϫ wt)F 1 intercross, 5 of 24 animals show the HD phenotype (21%), in close agreement with the expected frequency of 6 of 24 (25%) predicted for a single recessive gene (Table 1) . Interestingly, (HD ϫ HD) intercrosses consistently produce small litters of two to four pups. This is also true of intercrosses between wt males and HD females, but not HD FIG. 1. HD mice specifically lack peripheral CD4 ϩ T lymphocytes. PBLs from a HD mouse or a normal littermate were stained with antibodies specific for CD4, CD8, and ␣␤TCR and then analyzed by flow cytometry. (1998) males and wt females, suggesting that female fertility is impaired in HD mice. Originally, seven HD mice were discovered during routine screening by PBL analysis of 34 mixed F 1 and F 2 progeny derived from a cross between a knockout line lacking the CD3␦ component of the TCR/CD3 complex and a transgenic strain expressing the human CD3␦ homologue, neither of which lacks peripheral SP CD4 ϩ T cells (29) . No HD mice have arisen from any other crosses between individuals of these two strains, indicating that the HD phenotype is due to a spontaneous mutation in one of the parents in this particular mating. In backcrosses with wt mice, the HD phenotype segregates independently of both knockout and transgenic loci (data not shown).
The HD Phenotype Is Not Due to a Mutation in MHC Class II. The HD phenotype is superficially similar to that of engineered mutants lacking expression of class II MHC. Hence, it was important to exclude a structural defect in class II, leading to impaired antigen presentation, as the cause of the HD phenotype. All original HD animals are homozygous for the H-2 b haplotype and would be expected to express a single class II product, I-A b . Indeed, flow cytometric analysis of PBLs from HD mice shows normal expression of the I-A b molecule on peripheral blood B cells and macrophages (Fig. 2a) . The possibility of genetic linkage between the HD phenotype and the MHC region was directly tested by backcrossing HD mice to BALB/c mice, which express a different MHC haplotype, H-2 d . If the HD phenotype is unlinked to the MHC, it would segregate independently of the H-2 b haplotype, i.e., F 2 mice would arise bearing the HD phenotype, as defined by the lack of peripheral SP CD4 ϩ T cells, on both heterozygous b/d and homozygous d/d H-2 backgrounds. In fact, several such progeny were identified (Fig. 2b) . Thus, we can exclude mutations in the coding regions as well as in cis-acting regulatory elements of class II genes as the cause of the HD phenotype.
HD Mice Are Not CD4 Deficient. To determine whether the deficit in peripheral CD4 ϩ T cells in HD mice reflects inactivation of the CD4 gene, thymocytes were isolated from 6-to 8-wk-old mice previously identified as HD by PBL analysis and compared with their normal littermates. HD mice displayed normal thymic cellularity (1.5-2 ϫ 10 8 ). Most significantly, CD4 ϩ CD8 ϩ (DP) thymocytes were present at a normal frequency (80-85%), demonstrating that the HD phenotype is not caused by a null mutation at the CD4 locus (Fig. 3 a and  b) . TCR and CD4 levels on DP thymocytes have been shown to be regulated by the interaction between CD4 and class II ligands, such that when this interaction is disrupted TCR and CD4 levels increase (30, 31) . In HD mice, both CD4 and TCR levels on DP thymocytes are normal, indicating that the ability of CD4 to interact with class II MHC is unimpaired (Fig. 3k: note the difference in TCR levels between HD mice and class II Ϫ/Ϫ mice, in which the interaction with CD4 is abrogated). In this context, it should be noted that a small but reproducible fraction of peripheral ␣␤TCR ϩ cells also express cell surface CD4, mostly in combination with CD8 giving rise to a DP phenotype (Fig. 4 ; note the absence of DP cells in the normal FIG. 3 . Thymic development of CD4 lineage cells is abrogated in HD mice. Thymocytes from HD mice, normal littermates, or MHC class II-deficient controls were stained with antibodies specific for CD4, CD8, ␣␤TCR, and CD69 and analyzed by flow cytometry. Histograms represent total thymocytes (a-c and k) or thymic subsets, as specified. In e-l, solid and dashed dark lines correspond to HD and wt mice, respectively, whereas the solid light line in k represents class II Ϫ/Ϫ mice. In m and n, solid and dashed dark lines correspond to total thymocytes stained either with anti-Bcl-2 and fluoresceinated goat anti-hamster fluorescein isothiocyanate (G␣H-FITC) or only G␣H-FITC, respectively, whereas the solid light lines represent DP thymocytes stained with anti-Bcl-2 and G␣H-FITC. Bcl-2 high populations correspond to SP thymocytes. Thymic subset designations are defined in d. Gates used to define CD4 ϩ 8 Ϫ , CD4 ϩ 8 low , and CD4 Ϫ 8 ϩ subsets are shown in a-c. Arrows point out key differences between HD mice and wt or class II Ϫ/Ϫ controls as follows: In e and f, arrows identify the mature CD69 Ϫ population that is present in wt but absent in HD mice. In h, arrows highlight the 2-fold difference in TCR expression between CD4 ϩ 8 Ϫ cells from HD versus wt mice. In k, the arrow highlights the higher TCR expression levels seen on DP thymocytes from class II Ϫ/Ϫ but not HD or wt mice. (Fig. 4) . These cells are class II-restricted and presumed to belong to the CD4 lineage, although CD4 expression is blocked due to the induced structural mutation (28, 32) . The fact that such cells do not arise in HD mice provides further confirmation that the HD phenotype is not due to a defect in CD4. Finally, we have crossed HD and CD4 Ϫ/Ϫ mice to test for genetic linkage. The fact that F 1 progeny are phenotypically normal, formally demonstrates that the HD defect cannot lie in the CD4 protein or in cis-acting transcriptional regulatory elements that control its expression (Fig. 4,  Right) .
Thymic Development of CD4 Cells Is Specifically Abrogated in HD Mice. Although generation of DP thymocytes was normal in HD mice, progression to the SP stage was altered in several respects (Fig. 3) : (i) The ratio of SP CD8 ϩ to SP CD4 (Fig. 3 a and b; (4, 8) (Fig. 3 h and i) . (iii) CD4 ϩ SP thymocytes from HD mice are uniformly CD69 ϩ , specifically lacking the CD69 Ϫ subpopulation found in normal mice (Fig. 3 e and f ) . The absence of CD69 Ϫ SP CD4 ϩ thymocytes in HD mice is highly significant, because these comprise the most mature thymocytes that are ready to emigrate to the periphery (33) . In contrast, CD8 ϩ SP thymocytes from HD mice show the typical biphasic CD69 staining pattern (Fig. 3g) , indicative of normal maturation. Development of ␥␦ T lineage cells, which diverge from the ␣␤ lineage at the DN stage, is also unaffected in HD mice, as judged by the normal frequency with which they arise from the DN compartment (Fig. 3l) . Finally, since it has been shown that expression of Bcl-2 at the DP stage can cause skewing to the CD8 lineage (34), we investigated whether Bcl-2 is abnormally up-regulated in DP thymocytes from HD mice. Intracellular staining with specific antibody showed that there is no difference in Bcl-2 expression between DP thymocytes of normal and HD mice (Fig. 3 m and n) .
The HD Defect Is Intrinsic to the Hematopoietic Lineage. In principle, the HD defect in CD4 development could reflect a defect in gene expression intrinsic to the developing thymocytes themselves or intrinsic to another thymic cell type that provides an essential developmental signal. Radiation chimeras can be used to dissect the role of radioresistant epithelial cells from that of radiosensitive hematopoietic cells, including (Fig. 5e) . As would be predicted, analysis of thymocytes from these chimeras confirmed that the specific defect in CD4 development had also been transferred (Fig. 5  f-h ). Again we noted that the ratio of CD4:CD8 SP thymocytes was reversed and that SP CD4 (Fig. 5f ) . A more detailed four-color fluorescence-activated cell sorting analysis of these CD4 ϩ 8 lo cells was carried out using a panel of antibodies specific for the differentiation markers CD69, HSA, and L-selectin. In wt mice fully mature cells that are competent to exit the thymus comprise a distinct and readily detectable subset of SP CD4 (33) . In contrast, in HD chimeras these mature cells are essentially lacking (Fig. 5 g and  h) .
DISCUSSION
We present the initial phenotypic characterization of a novel immunodeficient mouse mutant, the HD mouse, which bears a striking defect in T lymphoid development. We show that these animals are characterized by the inability to support thymic development of mature SP CD4 ϩ thymocytes and a virtual absence of peripheral CD4 ϩ T cells. Two types of mouse models have been described previously with phenotypes superficially similar to that of HD mice, i.e., engineered mutants lacking MHC class II or CD4 (10, 27, 28) . We provide compelling evidence that neither of these genes is defective in HD mice.
Involvement of MHC class II is excluded because: (i) the HD phenotype segregates independently of the MHC locus; (ii) peripheral B cells and macrophages express normal surface levels of class II products; and (iii) intrathymic interactions between CD4 and class II appear unperturbed as evidenced by normal TCR surface expression levels on DP thymocytes. A defect in CD4 function or expression is excluded because: (i) CD4 expression is normal on immature DP and intermediate CD4 ϩ 8 low thymocytes; (ii) peripheral T cells committed to the CD4 lineage fail to arise in HD mice, although these cells can develop in induced mutant mice in the complete absence of CD4; and (iii) F 1 progeny of an intercross between HD and CD4 Ϫ/Ϫ mice are phenotypically normal. We conclude that the HD mutation affects expression of a novel gene or, at least, a gene whose critical role in lineage commitment is unappreciated.
Using bone marrow transfer experiments, we demonstrate that the HD defect is intrinsic to the hematopoietic lineage rather than the epithelial lineage. Coreconstitution experiments demonstrate that wt thymocytes mature efficiently to the CD4 lineage, whereas HD-derived thymocytes present in the same thymus give rise only to SP CD8 thymocytes (V.P.D. and D.J.K., unpublished work). Hence, the HD defect does not affect thymocytes that do not themselves carry the HD mutation. It has previously been shown that positive selection and lineage commitment of CD4 ϩ cells requires expression of class II, and hence the capacity for antigen presentation, only on cortical epithelial cells and specifically not on cells of hematopoietic origin (35) . Thus, our data demonstrate that the HD defect cannot lie in antigen presentation or costimulatory function provided by epithelial cells. The most likely possibility is that the defect is intrinsic to developing thymocytes.
We have shown that the lack of peripheral CD4 ϩ T cells in HD mice reflects a specific block in thymic development of the CD4 lineage. We postulate that the blockade does not affect positive selection of class II-restricted thymocytes but rather a subsequent lineage-commitment step. As mentioned above the transition from the DP to the SP stages is not a simple one-step process, but rather involves progression through a number of intermediate stages defined by different relative levels of surface expression of the CD4 and CD8 molecules (4, 6-8; see (4, (6) (7) (8) . It has been proposed that further maturation is not automatic for these cells, but rather requires a specific selective signal (2) . HD mice show a striking accumulation of these CD4 ϩ 8 low cells, as compared with wt and particularly class II-deficient mice (Fig.  6b) . In class II-deficient mice, positive selection of class II-restricted thymocytes is blocked and CD4 ϩ 8 low cells should consist exclusively of class I-restricted transitional cells on their way to the SP CD8 ϩ compartment. HD mice possess 6-fold more CD4 ϩ 8 low cells than class II-deficient mice. We postulate that the additional cells in HD mice comprise class II-restricted thymocytes that have successfully undergone positive selection but are blocked in a subsequent maturation stage (Fig. 6b) . However, since CD4 ϩ 8 low cells can also give rise to SP CD8 ϩ thymocytes, it is alternatively possible that in HD mice these intermediate cells are all CD8 committed and that development of class II-restricted thymocytes is actually arrested earlier, e.g., at the DP stage. The increased number of CD4 ϩ 8 low cells could then reflect enhanced maturation to the CD8 lineage, as also suggested by the increased number of mature SP CD8 ϩ thymocytes. It has been reported that the LEC rat strain also bears an unknown defect in generation of SP CD4 ϩ thymocytes (36) . The defect is likely to be different, since LEC rats lack substantial numbers of CD4 ϩ 8 low intermediate thymocytes. Another difference is that LEC rats actually bear substantial numbers of peripheral SP CD4 ϩ T cells, particularly in the lymph nodes where they reach almost normal levels by 12 mo of age (37) .
The nature of the genetic defect in HD mice remains unclear. However, we think that it is unlikely to affect proximal components of the TCR-mediated signaling pathway, since induced mutants of such components, i.e., CD3, p56 lck , and ZAP-70, affect both lineages and, in the case of CD3 and p56 lck , already block the DN to DP transition (38) (39) (40) (41) (42) . In addition, we have preliminary data indicating that early events in TCR/coreceptor-mediated signaling, i.e., phosphorylation of CD3 and ZAP-70, are normal in HD mice. Rather we suspect that the defect lies in a different process critical for Proc. Natl. Acad. Sci. USA 95 (1998) lineage commitment. The impairment in female fertility in HD mice, a feature not usually associated with immunodeficiency, suggests that the effect of the mutation is not lymphoid specific.
In conclusion, we have established that the HD mouse bears a novel mutation of a gene that is specifically required for CD4 lineage commitment. The defect appears to be intrinsic to developing thymocytes themselves. Given that lineage commitment remains very poorly understood at the molecular level, the identification of the genetic defect responsible for the HD phenotype should provide important new insights into our understanding of this phenomenon.
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